The results of X-ray observations of Galactic superluminal jet source GRS 1915+105 during its low luminosity state and state transitions in October, 1996 -April, 1997 with PCA and HEXTE instruments aboard Rossi X-ray Timing Explorer (RXTE) are reported.
Introduction
The X-ray source GRS 1915+105, one of two Galactic objects which show the superluminal expansion of matter, was discovered by GRANAT observatory as a transient in 1992 (Castro-Tirado, Brandt & Lund 1992) . Radio observations of superluminal motion have allowed to determine the distance (∼ 12.5 kpc) and inclination of the system (Mirabel & Rodriguez 1994) . The source is believed to be a black hole candidate on the basis of its observed high luminosity exceeding the Eddington limit (Sazonov et al. 1994 ) for a neutron star and similarities to another Galactic superluminal jet source GRO J1655-40 (Zhang et al. 1994) , whose dynamical mass estimate (∼ 7M ⊙ ) implies the presence of a black hole (Orosz & Bailyn 1997) . Long-term temporal behavior of GRS 1915+105 is very complicated: since the discovery a number of outbursts and low luminosity episodes have been reported (Sazonov et al. 1996; Paciesas et al. 1996) .
Since April, 1996 GRS 1915+105 is a target of the RXTE TOO regular observations, which have revealed rich character of the source transient activity including the occasional complicated patterns of dips, flares and rapid transitions between high and low intensity alternated with the relatively quiet periods and also strong quasi-periodic oscillations (Greiner, Morgan & Remillard 1996; Chen et al. 1997; Belloni et al. 1997b; Morgan et al. 1997) .
We have performed the systematic study of the evolution of GRS 1915+105 properties using the data of PCA and HEXTE instruments aboard RXTE i) to resolve the mutual dependence of the spectral and timing parameters of the source emission and ii) to understand how the low luminosity state of GRS 1915+105 observed in October, 1996 -April, 1997 fits the standard scheme of the 'canonical' high/low states established for Galactic black hole candidates (Tanaka & Lewin 1995) .
In this paper we report the results of the GRS 1915+105 RXTE observations during its low luminosity state and state transitions in October, 1996 -April, 1997 . The discussion of implications of these data on to the physical models will be presented in the subsequent paper (Trudolyubov et al. 1998 ).
Instruments and observations
The observations discussed below were performed with the Proportional Counter Array (PCA) and the High Energy Timing Experiment (HEXTE) aboard Rossi X-ray Timing Explorer (RXTE) (Bradt, Swank, & Rotshild 1993) in October, 1996 -April, 1997 . The list of observations is presented in Table 1 .
For the processing of the PCA data we used standard RXTE FTOOLS version 4.1 tasks. For the background subtraction the version of the background estimator program taking into account the effects of activation due to the South Atlantic Anomaly, X-ray background and particle background based on the measurements of the Q6 rate (Stark 1997) was used.
For the spectral analysis of the PCA data we used the 3.2.1 version of the response matrix. In order to account for the uncertainties of the response matrix, a 1%-systematic error was added to the statistical error for each PCA energy channel. We have excluded from the spectral analysis the data below 3 keV because of the rapid drop of the PCA effective area in this energy domain. In addition, because of the strong influence of the response uncertainties at high energies, the data above 20 keV were also ignored. To evaluate the correct source flux, the standard dead-time correction procedure (Zhang & Jahoda 1996) was applied to the PCA data.
HEXTE data also have been processed using the standard FTOOLS version 4.1 tasks. We used latest available HEXTE response matrices, released on April 3, 1997 and standard off-source observations for each cluster of detectors to subtract background. In order to account for the uncertainties in the response and background determination, only data in the 20 − 150 keV energy range were taken for the spectral analysis.
Results
The RXTE/ASM light curve of the GRS 1915+105 in the 2 − 12 keV energy band is shown in figure 1. Prior to the end of October, 1996 (MJD ∼ 50386) the source was in the bright highly variable so called 'chaotic' state with average flux ∼ 1 Crab (Morgan et al. 1997) and then has underwent transition to the low luminosity state (LLS) lasting ∼ 200 days. The corresponding Xray luminosity of the source dropped from ∼ 10 39 erg/s to ∼ 2 × 10 38 erg/s in the 3 − 20 keV energy band (assuming the distance of 12.5 kpc). After the April 25, 1997 (MJD 50564) GRS 1915+105 appeared to return to the high luminosity state (HLS). Contrary to the HLS with its high level of variability, the evolution of the source flux during LLS can be described as a relatively smooth decline to the ∼ 200 − 250 mCrab level during first ∼ 100 days followed by the similar-fashioned slow rise on the similar time scale.
We present below the basic results of the systematic spectral and timing analysis of the source emission during the low luminosity state and state transitions using the data of PCA and HEXTE observations (Table 1) .
Spectral analysis
As we are interested in the general character of the GRS 1915+105 spectral evolution, we used only simplest models (a sum of a multicolor disk black body model 1 and a power law model with exponential cutoff corrected for the interstellar absorption) to approximate its energy spectrum. Although this model provides satisfactory description to the overall shape of the spectrum, there is a significant excess of emission in the 6 − 8 keV region (with an average ratio of excess to the model continuum of ∼ 2 − 3%), which is attributed to the presence of the iron emission/absorption complex. Due to the relatively low energy resolution of the PCA instrument (∆E ∼ 1 keV in the 6 − 8 keV range) it is not possible to carry out a detailed analysis of this spectral feature. The presence of the iron emission/ absorption features shows the evidence for the additional 'reprocessed' component in the source spectrum, but its approximation by certain type of model requires further physical justification, so we have decided not to include 'reprocessed' component to the fit.
2 Because of the large uncertainty in the PCA response in the low energy domain, we fixed the equivalent hydrogen column density in the spectral fitting at the value of ∼ 5.0 × 10 22 cm −2 , determined from ASCA observations (Ebisawa et al. , 1995) . Due to the present difference in the relative normalizations of the PCA and HEXTE spectra, we used PCA normalization to compute broad-band spectral model fluxes.
We have generated the energy spectra of the source averaging the data over the whole observations. To trace the evolution of the spectral parameters during the individual observations with relatively high level of X-ray flux variability, additional analysis of the spectra, accumulated in the 16 − 80 s 1 Note that no corrections for the electron scattering and effects of general relativity were made (Shakura & Sunyaev, 1973 , Shimura & Takahara 1995 , T is a measured color temperature 2 See Greiner et al. 1998 for the results of fitting of GRS 1915+105 LLS spectra with inclusion of the Compton reflection model time intervals, has been performed 3 . This procedure has allowed us to study the evolution of the main spectral parameters of GRS 1915+105 in a wide range of time scales from tens of seconds to months.
For comparison with the low luminosity state (LLS) observations, we have analyzed the data for several observations of GRS 1915+105 covering the period of high luminosity state (HLS) (October 7,13,15 1996 observations) occurred just prior to the transition to the LLS. The typical broad-band spectra of the GRS 1915+105 in the HLS (in units of F (E) × E 2 ) are shown in Figure 2 (left panel). The source exhibits extremely complicated pattern of the spectral variability on the different time scales (Belloni et al. 1997a , Belloni et al. 1997b , Taam et al. 1997 . The most striking feature of the spectral variation is the existence of two distinct types of broad-band spectrum corresponding to the highest ('flare') and lowest ('quescence') levels of source luminosity (Figure 2 ). The energy spectrum in the 3 − 150 keV energy range can be well represented as a composition of the soft and hard components (Figure 2 ). The form of the hard spectral component in general is described by a power law (photon index α ∼ 2.0 − 2.6) which becomes steeper (α ∼ 3.0 − 3.5) at around ∼ 25 − 30 keV. During the 'flare' the slope of the high energy part of the spectrum is ∼ 3.0 − 3.5. The measured color temperature of the soft component is noted to be higher in the 'flare' state (see Belloni et al. 1997b) .
Since October 23, 1996 GRS 1915+105 has begun a transition to the low luminosity state lasting till November 28. During this time the source shows a rich character of the spectral variability alternating relatively quiet periods of low X-ray flux with a bright flaring episodes. As an example of the short-term spectral variability of GRS 1915+105 during the transition to the LLS the evolution of the basic spectral parameters of the source for the November 7, 1996 observation is shown in Figure 3 . It is clearly seen that the changes of the X-ray flux are connected with the significant change in the slope of the high energy part of the spectrum and large variations of the soft component parameters. The hardness of the high energy part of the source spectrum expressed in terms of the best fit power law model parameters is closely related to the total X-ray flux (Figure 4, 5; 3) . In addition, when the luminosity of the source is low enough, the cutoff of the spectrum becomes detectable with HEXTE at the energies of ∼ 70 − 120 keV ( Figure 5 ).
The broad-band 3−150 keV energy spectrum of GRS 1915+105 in the low luminosity state is also satisfactory described by the sum of two components: relatively weak soft thermal component with a characteristic temperature kT ∼ 1.0 − 1.7 keV) and strong hard component which has approximately power law form (α ∼ 1.8 − 2.4) in the 20 − 60 keV interval and cut-offs at around ∼ 70 − 120 keV (Figure 2, right panel) .
The results of fitting of the HEXTE data with a power law model and PCA data with a composition of a power law and multicolor disk black body model for the observations covering the period from October 7, 1996 to April 25, 1997 (state transitions and low luminosity state) presented in figures 4 and 5 respectively. There is a strong correlation of the slope of high energy part of the spectrum and the source X-ray flux ( Figure 6 ).
Timing analysis
To perform the analysis of the GRS 1915+105 timing properties we generated power density spectra in the 0.01−50 Hz frequency range for two energy bands (2 − 13 and 13 − 60 keV) using short stretches of data. For the observations with a high variability separate power density spectra were produced for the parts of observation divided according to the level of the source flux. The resulting spectra were logarithmically rebinned when necessary to reduce scatter at high frequencies. The power density spectra were normalized to squared fractional rms. The white-noise level due to Poissonian statistics corrected for the dead-time effects was subtracted.
To study the evolution of the basic timing parameters of GRS 1915+105 within the individual observations with a relatively high level of variability we generated power density spectra of the source accumulated in the 16 − 80 s time intervals according to the procedure described above.
Typical broad-band power density spectra of GRS 1915+105 during high luminosity 'flaring' state (HLS) prior to Oct. 23, 1996, transition from the HLS to low luminosity state (LLS) and LLS are shown in Figure 7 . For the 'flaring' state two spectra corresponding to the highest ('flare') and lowest ('quescence') levels of source luminosity are displayed ( Figure 7 , top left panel).
The character of PDS evolution during the source state transitions between October 23 and November 28 is very complicated. Fast changes in the form of the power spectrum, correlated with spectral and luminosity changes on the various time scales (from ∼ several hours to ∼ week) were detected ( Figure 7 , right upper, left lower panel). Inspite of drastic differences in the form of the broad-band continuum, relatively narrow QPO peak at frequencies ∼ 2 − 10 Hz has been found to be common for all observations covering this period. Basing on the results of the time-resolved PDS analysis of the individual observations with a high level of flux variability, the correlation between the value of the QPO centroid frequency and total X-ray flux and a bolometric flux of the soft spectral component was established (Figure 8 ).
Beginning on November 28, when the source reached the low luminosity state, the form of the power density spectrum is nearly flat between 0.1 and 1.0 Hz, changing its slope to a value of ∼ −(1.0 − 2.5) in the 1 − 15 Hz and ∼ 2.0 − 3.0 in the 15 − 50 Hz range. For some observations the power density spectrum shows a notable rise (sometimes the extra component is flat-toped or has a power law form) towards lower frequencies between 0.01 and 1.0 Hz. The most outstanding features in the GRS 1915+105 power density spectrum are the strong, relatively narrow (∆f /f ∼ 0.1 − 0.3) QPOs placed near the breakpoint in the slope of the broad-band continuum. These QPOs were noted for showing harmonics with a strength that decreases with increasing of the QPO centroid frequency. Positive correlation between the QPO centroid frequency and total X-ray luminosity of the source on the ∼ several hours time scale was detected again (Figure 8 ), however this type of correlation breaks on the longer time scales.
We fitted the power density spectra in the 0.05 − 50 Hz frequency range to analytic model using χ 2 minimization technique to trace the evolution of their main parameters with time during transitions and low luminosity state. The data of Oct., 10, 13, 15, 25 and Nov., 19 were excluded from the analysis because of the complicated shape of the PDS caused by the existence of several distinct types of the PDS due to extremely high level of source variability during these observations.
Analytic approximation
To approximate the broad-band PDS continuum and quantify its characteristics, we used the sum of up to three band-limited noise components, expressed with flat-toped broken power law functions, i. e.:
where f br is a BLN characteristic break frequency; and in some cases add a power law (PL) component: P (f ) = Bf −α , where A and B are in units of (rms/mean) 2 . Up to four Lorentzian peaks were used to model a QPO features. In Figure 9 the schematic presentation of the model is shown. Simple fits with the Lorentzian shapes have shown that regardless of the continuum model type centroid frequencies and widths of the QPO peaks are harmonically related. Taking this fact into account in order to reduce the total number of model parameters we fixed centroid frequencies and widths of QPO components to harmonic ratios.
The best-fit values of the model parameters are summarized in Tables  3, 4 and 5, 6. Parameter errors and upper limits correspond to 1σ and 2σ confidence levels respectively. This model approximates the data reasonably well, as indicated by the values of reduced χ 2 of the fit.
Correlations between timing parameters
In order to summarize the results of analysis of the source power density spectra during the low luminosity state and state transitions, the main bestfit parameters of the PDS are shown as a functions of the fundamental QPO peak frequency for the soft (2 −13 keV) and hard (13−60 keV) energy bands (Figure 10, 11) . (Open circles correspond to the observations covering the transition from the high luminosity state (HLS) to the low luminosity state (LLS) prior to Nov. 28, 1996 (MJD 50415) ; solid circles correspond to the period of LLS (Dec. 1996 -Apr. 1997 ). Soft energy band (2 -13 keV) As it is clearly seen from Figure 10 , the QPO centroid frequency is strongly anticorrelated with the value of the total fractional rms (except for the cases when the contribution of the power law (PL) noise component to the total variability is noticeable, which is probably due to presence of the prominent soft component in the energy spectrum (Nov., 7 and Apr., 2 observations)) and with the rms of the band-limited noise. The same tendency is hold for the value of fractional rms of the fundamental QPO peak: it decreases with the increase of the QPO frequency. In addition, there is a close relation between the positions of the QPO peaks and characteristic breaks in the BLN continuum ( Figure 10 , top panels).
Hard energy band (13 -60 keV) Most of the correlations, noted for the soft energy band are also observed for the data in the hard band, except for the total rms and BLN rms, which do not show any correlation with the QPO centroid frequency (Figure 11 ).
Correlations between spectral and timing parameters
We have analyzed the relation between the spectral and temporal properties of GRS 1915+105. During the low luminosity state and state transitions the change of the QPO centroid frequency is correlated with the change of the spectral parameters, derived using our simplified spectral model. In figure  12 the relationship between the total fractional rms integrated over 0.05 − 50 Hz frequency range and X-ray flux (3 − 20 keV) for the soft (2 − 13 keV) and hard (13 − 60 keV) energy bands is presented. As the contribution of the soft spectral component to the 13 − 60 keV flux is small, we can examine the properties of the hard spectral component alone using variability analysis of the data in this range. As it is seen from figure 12, the level of the bandlimited noise continuum rms in the 13 − 60 keV energy domain is strongly correlated with the total X-ray flux and, in particular, with the hard spectral component flux (Figure 13 ), which makes a main contribution to the total X-ray flux. There is a clear trend of rising the QPO frequency with the rise of the soft component flux (Figure 14) . It should be noted that this type of correlation holds on the wide range of time scales (from ∼ seconds to ∼ months). Further discussion of the frequency/spectrum correlations are presented in Trudolyubov et al. 1998 .
Summary
We have presented the results of the RXTE observations of the GRS 1915+105 during its low luminosity state in November, 1996 -April, 1997 This period is characterized by the drop of the source flux in the standard X-ray band by a factor of ∼ 2 − 5 with respect to the bright flaring state (Figure 1 ). Contrary to the high luminosity state (HLS) with its high level of variability, the evolution of the source flux during low luminosity state can be described as a relatively smooth decline to the lowest level during first ∼ 100 days followed by similar-fashioned slow rise on the same time scale.
The broad-band X-ray spectrum of GRS 1915+105 can be generally described by composition of the soft component and an extended high energy tail (Figure 2, right panel) . In order to characterize the general character of the source spectral evolution we used a composition of the multicolor disk blackbody model and a power law model with exponential cut-off. The contribution of the soft component, dominating the source luminosity in the HLS prior to transition, dropped to < 25% in the 3 − 20 keV energy band. In general the evolution of GRS 1915+105 broad-band spectrum during low luminosity state and state transitions can be characterized by the decrease of the soft component flux accompanied by gradual flattening of the hard spectral component with decrease of the total source intensity, followed by rise of the soft component flux and hard component steepening as the overall source luminosity become increasing again.
The temporal properties of GRS 1915+105 during LLS were also quite different from those in the HLS. The overall shape of the source power density spectrum in the 0.01 − 50 Hz frequency is roughly presented by the composition of the flat-toped band-limited (BLN) and a power law (PL) noise components. Strong, relatively narrow (δf /f ∼ 0.2) QPOs with a centroid frequency at about 2 − 10 Hz located near the break of the BLN continuum slope is found to be a generic feature of the GRS 1915+105 power density spectrum. In addition, the QPO peaks are noted for showing harmonic content. Close relation between the main parameters describing the power density spectrum of the source (QPO centroid frequency, characteristic BLN break frequency, broad-band rms) may hint on the general character of the band-limited noise and QPO production.
The most striking is the established close relation between the evolution of the spectral and timing parameters of the source. The change of the QPO centroid frequency is correlated with the change of the spectral parameters, derived using our simplified spectral model. In particular, there is a clear trend of rising the QPO frequency with the rise of the soft component flux (Figure 14) . It should be noted that this type of correlation holds on the wide range of time scales (from ∼ seconds to ∼ months).
The complex of GRS 1915+105 X-ray properties is very similar to that of some Galactic black hole candidates observed in the so-called 'intermediate' state during their high-to-low and low-to-high state transitions (Cygnus X-1 (Belloni et al. 1996 , Cui et al. 1997 ; GX 339-4 (Mendez & Van der Klis 1996); GS 1124-68 (Miyamoto et al. 1994 , Takizawa et al. 1996 ; GRO J1655-44 (Mendez et al. 1998) ). In fact, there are several general properties of GRS 1915+105 showing that this state of the source does not match neither 'canonical' low nor high state and probably corresponds to the transition between these states: 1) the overall X-ray luminosity in the low luminosity state L LLS ∼ 2 × 10 38 erg/s is sufficiently lower than in the high luminosity state L HLS > 10 39 erg/s, which was observed earlier and had the properties typical for the high state; 2) contrary to the typical low state energy spectrum of the source shows clear evidence for the soft component, but its contribution to the total X-ray luminosity is small (< 30%) instead of ∼ 70 − 90% in the case of high state; 3) the power density spectrum also differs from the typical power density spectra in the low and high states: contrary to the 'canonical' soft state it shows the presence of the prominent band-limited noise component, while the frequency of the characteristic peak of the BLN continuum (∼ 2 − 10 Hz) is one order of magnitude higher than usually expected for the typical low state of Galactic black hole candidates.
Basing on the results of RXTE observations we can conclude that during this low luminosity episode inspite of some peculiarities, the major X-ray properties of GRS 1915+105 were similar to that of Galactic black hole candidates in the transition or 'intermediate' state. The observed trends of hardening the energy spectra, rise of the BLN rms, decrease of the QPO frequency with the decrease of the source luminosity seem to suggest that further decrease of the luminosity (below the values observed during November, 1996 -April, 1997) would put the source to the canonical low state established for the Galactic black hole candidates. It is likely that the source was observed in the 'intermediate' state simply because the luminosity (mass accretion rate) did not drop sufficiently enough for the source to reach canonical low/hard state. 
